Abstract: The Savannah River Technology Center (SRTC) designed and fabricated tritium target/blanket assemblies which were irradiated for six months at the Los Alamos Neutron Science Center (LANSCE). Cooling water was supplied to the assemblies through 1 inch diameter 304L Stainless Steel (SS) tubing. To attach the 304L SS tubing to the modules a 304L SS to 6061-T6 Aluminum (Al) inertia welded transition joint was used. These SS/Al inertia weld transition joints simulate expected transition joints in the Accelerator Production of Tritium (APT) Target/Blanket where as many as a thousand SS/Al weld transition joints will be used. Materials compatibility between the 304L SS and the 6061-T6 Al in the spallation neutron environment is a major concern as well as the corrosion associated with the cooling water flowing through the piping. The irradiated inertia weld examination will be discussed.
Introduction
The Accelerator Production of Tritium (APT) program is coordinated by Los Alamos National Laboratory (LANL) for the Department of Energy (DOE)/ Defense Programs (DP). The Savannah River Technology Center (SRTC) designed and fabricated tritium target/blanket assemblies which were sent to LANL and irradiated for six months at the Los Alamos Spallation Radiation Effects Facility (LASREF) at the Los Alamos Neutron Science Center (LANSCE). The cooling water was supplied to the assemblies through 1 inch diameter 304L stainless steel (SS) tubing. To attach the 304L SS tubing to the assemblies a 304L SS to 6061-T6 Aluminum (Al) inertia welded transition joint was used. Four SS/Al weld transition joints were attached to each Mark I and Mark II assembly (two inlet and two outlet cooling lines). In addition, two SS/Al weld transition joints (one inlet and one outlet) were attached to each of three High Flux Assemblies. Several thousand of these inertia welds are currently in the design for the APT Target/Blanket (T/B). In the APT design, aluminum piping in the target/blanket region houses the 3 He/ 3 H gas. During production, this gas is transferred to the extraction and purification facility, where SS piping is used. The Al/SS inertia weld provides the path for gas flow between these two systems. Materials compatibility between the 304L SS and the 6061-T6 Al in the radiation environment is a major concern as well as the corrosion associated with the cooling water that will interact with the piping in the APT facility.
Examination of the interior of the cooling water piping irradiated at LANSCE indicates that the cooling water chemistry provides a noticeable influence on the corrosion of both the inertia weld and the parent material. The effect of radiation on the inertia weld and surrounding area is being evaluated against the cooling water effect. In addition, corrosion on the outside of the piping is being investigated. This exterior corrosion is accelerated by the presence of nitric acid, which was formed by the combination of radiolysis of air and water from other components leaking during the irradiation.
Results from analyses of the irradiated 304L to 6061-T6 Al inertia welds were obtained using a variety of methods including visual examination, microstructural analysis, hardness measurements, optical microscopy, Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS) and electrochemical corrosion testing. All of the data gathered will be used to evaluate the concepts and methods for target/blanket manufacturing, materials and weld metal properties for spallation neutron environments, and joining methods for aluminum and aluminum to stainless steel.
Experimental Design
Several prototypical target/blanket assemblies were fabricated for irradiation testing in the LANSCE facility at LANL. These target/blanket assemblies consisted of lead encapsulated in aluminum. The lead surrounded Al tubes filled with either helium-3 ( 3 He) gas, or solid aluminum-lithium targets. The lead acted as a moderator and also provided an additional source of neutrons from n,xn spallation reactions. Cooling water was supplied to the target/blanket assemblies in the LANSCE facility via 1 inch diameter 304L stainless steel tubing. In order to transition from the 1 inch stainless steel cooling water tubing to the aluminum cooling water piping, a 304L stainless steel to 6061-T6 aluminum inertia welded transition joint was utilized [1] . The transition joint was machined from a commercial, inertia welded part made by Interface Welding [2] . Certification data sheets, supplied by the vendor, show that the solid state welds have a tensile strength equivalent to the 6061-T6 aluminum base metal in the T4 condition near the interface and a helium leak rate of approximately 10 details are shown in Figure 1 and the solid inertia welded piece prior to machining is shown in Figure 2 . The aluminum to stainless steel inertia welded transition joints were welded to the inlet and outlet cooling lines of all test assemblies. A 304L sleeve was placed over the inertia welded section and Gas Tungsten Arc Welded (GTAW) to the stainless steel to prevent bending stresses during installation of the assembly.
To ensure the appropriate analyses were being conducted a task plan was developed for the overall target/blanket materials characterization which included the analysis of the irradiated transition joints [3] . This task plan outlined the deliberate and purposeful approach taken to accomplish the intended tasks.
A fixture and cutting apparatus was designed, fabricated and mocked up at SRS to support the sectioning of the irradiated inertia welded samples in the Chemical and Metallurgical Research (CMR) facility at LANL, Figure 3 . The cutting apparatus was designed to provide ease of operation in the hot cells because of the difficulty working with manipulators. Clean inertia welded transition joints were used in the mock-up operation at SRS to ensure the cutting apparatus would operate smoothly in the hot cells. Once the mock-up operation at SRS was complete the cutting apparatus was transferred to the LANL CMR hot cells.
Metallographic preparation equipment, which would be compatible with the hot cell environment, was purchased and mocked up at SRS prior to transfer to the LANL hot cells. Remote handling of the samples and the limited use of fluids in the hot cells needed to be considered for the operation. Several modifications to the equipment were made to make the equipment compatible with the hot cells. These modifications included the attachment of remote water lines to allow for the introduction of water from outside the hot cells and the displacement of the power operation to the exterior of the hot cells. Once the modifications and mock-up were completed the equipment was transferred to the LANL hot cells.
Experimental Setup
The prototypical lead/aluminum blanket assemblies were fabricated at the Savannah River Site (SRS) and transferred to LANL for introduction to Area A at the LANSCE facility. The assemblies were attached to the shielding inserts by welding the stainless steel water cooling lines to just above the transition joints as shown in Figure 4 . The inserts were placed in a location downstream of the primary target inserts and outside ot the direct proton beam. Over the course of the sixmonth irradiation, the Mark I and Mark II assemblies saw a neutron fluence of approximately 8x10
19 n/cm 2 . The fluence from secondary protons was very small (<3.0x10 18 p/cm 2 ). The High Flux assemblies, located closer to the tungsten spallation target, saw approximately 1x10 20 n/cm 2 with a negligible proton fluence. The cooling water used for this particular irradiation at LASREF was the X02 water source, which was a recirculating water system that cooled many areas of the irradiation including a copper beam stop. Thermocouples placed on the outside of the cooling lines indicated that the temperatures in the location where the Mark I and Mark II as well as the high flux assemblies were was maintained at approximately 30°C.
Following irradiation, the assemblies were detached from the shielding inserts and transferred in a cask from LASREF to the CMR facility at LANL where they were placed in the hot cells in Wing 9. The inertia welded sections, separated from the assemblies prior to movement to the CMR facility, were then removed from the transfer cask and placed in the Wing 9 hot cell facility.
The fixture and cutting apparatus was used to separate the sleeve from the transition joints prior to sectioning the samples for further examination. Once the sleeve was removed the inertia welded transition joints were placed in the fixtures and sectioned in half and then one of the cut pieces was sectioned in half again, creating two ¼ sections and one ½ section. After visual examination, a ¼ section of each transition joint was mounted for metallographic preparation. The remaining two pieces were available for additional testing such as SEM/EDS or x-ray analysis.
Metallographic equipment was introduced to the hot cells. Steps necessary for properly preparing the irradiated samples were developed at SRS and those techniques were transferred to LANL. Because of the dissimilar metals at the weld interface, metallographic preparation of these specimens was not straightforward. Rounding of the aluminum edges was a great concern because Al is a softer material than stainless steel. However, metallographic preparation of the specimen using standard techniques for aluminum samples would not ensure that the stainless steel microstructure would be properly prepared for examination. An added intricacy was the fact that this metallographic preparation would take place in the hot cells at LANL where manipulators would be used and a minimum amount of liquids was allowed. As a result of several iterations with the non-irradiated inertia welded samples and the mock-up operation at SRS, a metallographic technique was developed that provided the optimum operating parameters to ensure a properly prepared sample (Table 1 and Table 2 ). A baseline characterization of non-irradiated Al-SS inertia welded transition joints was completed to support the characterization of the irradiated transition joints [4] .
A sample from each inertia welded transition joint was mounted and prepared metallographically. In addition, a non-irradiated inertia welded transition joint (control sample) was prepared metallographically in the hot cells to compare to the irradiated specimens. Electrochemical corrosion tests were performed to evaluate the corrosion process at the weld interface as a function of water chemistry. The galvanic interactions between aluminum and stainless steel were suspect. The corrosion tests included potential and galvanic current monitoring and potentiodynamic polarization. Samples for electrochemical testing were obtained from the same as-received inertia welded slugs that were used for the irradiated sections. Additional test samples included the Al parent metal, the stainless steel parent metal, and the Heat Affected Zone (HAZ) of the Al. The samples were prepared as metallographic mounts with electrical connections for the electrochemical tests.
The water chemistries were simulated conditions for X02 water, dirty APT water and APT water. For the simulated APT water, laboratory distilled water was used since the impurity levels were low and similar to that anticipated for the APT. The dirty APT water had 2 ppm Cl -and 7 ppm SO 4 -. The XO2 water was a derivative of the dirty APT water with added copper, either 1.0 ppm Cu (XO2b) or 0.1 ppm Cu (XO2a). All the waters were adjusted to a pH 5 with nitric acid and had hydrogen peroxide levels of 0.001 M.
Testing was conducted in a blackened glass cell equipped with gas spargers. When deaerating, nitrogen gas was used. A Ag/AgCl electrode was used as the potential reference and graphite rods were the counter electrodes. A standard laboratory stir/hot plate was used for agitation and heating. All tests were conducted at 30° C.
Experimental Results and Discussion

Corrosion
Over the course of the irradiation, some leaks developed, from other components in Area A, which produced a spray of the cooling water to the exterior of the target/blanket assemblies. Radiolysis of this water in the air environment created a nitric acid spray on the components in Area A. Corrosion on the outside of the assemblies was clearly evident following irradiation and has been attributed, primarily, to the presence of the nitric acid, Figure 5 .
Visual examination of the sectioned inertia welded transition joints showed the presence of corrosion on not only the exterior of the cooling water tubing but also on the interior of the tubing. The corrosion was evident both on the aluminum section of the cooling water tubing and at the inertia welded interface, Figures 6-7 . The stainless steel was relatively unaffected. Differences in the appearance of the corrosion on the aluminum metal and at the inertia welded interface was clearly evident between the different samples. 
Metallographic Examination
Samples from each assembly (Mark I, Mark II and High Flux Assemblies) were sectioned, prepared metallographically and examined in CMR hot cells. Because Al and SS are dissimilar metals, the inertia welded interface is susceptible to galvanic corrosion. Metallographic examination of the irradiated inertia welds indicates that some of the samples did exhibit degradation at the interface, which is characteristic of galvanic corrosion, Figure 8 . However, general corrosion along the length of the aluminum piping and pitting corrosion were more prevalent, Figure 9 . The pitting corrosion appeared to present the most severe effects of corrosion. This pitting corrosion, which is located along the piping away from the interface, indicates that the effect of the cooling water chemistry, flow rate and irradiation all need to be scrutinized more than the effect of corrosion due to the galvanic couple at the stainless steel to aluminum weld interface. The cooling water used for the Mark I, Mark II and high flux assemblies was provided from the XO2 system. This XO2 system contains more contaminants than are expected in the APT facility where the water chemistry will be more stringently controlled. Flow of the XO2 cooling water through the 9A and 9C inserts (Mark II and Mark I) was 7.5 and 7.0 gpm, respectively, while the flow through the 18B insert (high flux assemblies) was 25.86 gpm. As a result of these different cooling water flow rates, oxide thickness on the inside wall of the cooling water piping from the 9A and 9C inserts was approximately 50 µm while the oxide layer on the cooling water piping from the 18B insert was approximately 15 µm, Figure 10 . Because the temperature of the cooling water was maintained at approximately 30°C the predominant oxide layer was Bayerite, (β-Al 2 O 3 * 3H 2 O). Initially, Gibbsite (α-Al 2 O 3 * 3H 2 O ) is formed before a phase change to Bayerite [5] . Fifty µm is the maximum oxide thickness expected for the Area-A test conditions [6] .
Another observation made during the metallographic examination is the effect of recrystallization of the Heat Affected Zone (HAZ) in the aluminum at the inertia welded interface and grain growth in the aluminum parent material. In each of the unirradiated inertia welded samples prepared for the baseline study, as well as the control sample that was prepared in the CMR hot cells, the HAZ does not show the presence of individual grains in the structure, Figure 11 . In addition, the grain structure in the Al parent material of the unirradiated samples shows small equiaxed grains along the outside of the samples Figure 12 . However, all of the irradiated inertia welded samples show grain definition in the heat affected zone of the aluminum, indicating recrystallization, and grain growth in the Al parent material, Figure 9 (a), 10(a) and 13. The grain growth in the parent material resulted in a fairly consistent grain size throughout the microstructure. Because of the low dose these samples received and the low temperatures measured during irradiation, 30°C, the only explanation for the recrystallization and grain growth is that these specimens were heated during welding before irradiation. Hardness measurements were performed on the inertia welded non-irradiated as well as the irradiated samples to evaluate differences as a result of the recrystallization and grain growth. Hardness values in the non-irradiated samples were higher than those in the irradiated samples, as shown in Figure  14 . These hardness results indicate an aged structure in the irradiated samples and, hence, a reduction in strength. This reduction in strength did not present any deleterious efects during the six month irradiation. However, it is a consideration in the APT design and proper cooling techniques must be employed when joining the 6061-T6 aluminum tubing associated with the inertia weld to the aluminum tubing in the target/blanket region of the APT facility. The mechanical properties of inertia welded tensile specimens did not degrade during the irradiation [7] .
The temperature typically used to induce this type of behavior is approximately 415°C for a 2-3 hour period of time [8] . An inertia welded sample was sectioned into quarters for evaluating the effect of temperature on the recrystallization and grain growth of the HAZ and Al material. One quarter section was heated at 200°C and a second quarter section was heated at 300°C, each for a 24 hour period. No recrystallization or grain growth was observed in these test samples.
Scanning Electron Microscopy and Energy Dispersive Analysis
The primary focus of the SEM and EDS study was to investigate the interior of the inertia welded specimens. The exterior of the piping of the samples generally indicated corrosion product consistent with an aluminum oxide, Figure 15 . The interior of the 
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Al the pitting corrosion observed in the metallographic specimens, Figure 9 . The copper deposits were present as a result of the corrosion of the copper beam stop, which was also cooled by the XO2 cooling water system.
Electrochemical Testing
Corrosion processes characterized through the electrochemical testing were found to be consistent with those observed on the irradiated inertia welds from the Mark I, Mark II, and high flux assemblies. Galvanic and pitting corrosion were the primary mechanisms, similar to the irradiated inertia welds. These processes were more aggressive in the water chemistries with higher impurities. XO2 water chemistries produced the most significant pitting and the highest galvanic currents. The test results are summarized in Table X , which gives the nominal galvanic current of the stainless steel/aluminum couple and open-circuit potentials.
Open-circuit potential measurements were made on samples of the parent material as well as a section of the weld. As expected, 304L stainless steel was more electropositive than aluminum. The potential of the weld fell between that of the two parent materials. The potential of aluminum was variable for a given water due to the oxide formation dependence on water chemistry. The presence of copper in the XO2 water chemistry caused the potential of both stainless steel and aluminum to shift to more electropositive values. This shift was attributed to the increase in the cathodic reaction due to the reduction of copper.
As the impurity level of the water increased the galvanic current increased. This large galvanic interaction lead to more significant pitting on the aluminum samples. The worst pitting was observed in the XO2 waters. In the XO2 waters, the high degree of pitting was associated with the deposition of copper. The stainless steel sample had the most deposits. Some pitting was also observed on the stainless steel in the XO2b water. These pits were associated with copper deposits on the surface. Few copper deposits were observed on the aluminum sample. The results show that 304L stainless steel is the cathode in the couple where the reduction of copper occurs. These results are consistent with those observed on the irradiated inertia welds. 
Summary
No leaking at the inertia welded interface was observed following irradiation. The galvanic interaction at the 6061 Al to 304L stainless steel inertia welded interface did not present significant degradation as a result of the irradiation or the cooling water chemistry. General corrosion was evident along the entire length of the aluminum piping. Pitting corrosion was present along the aluminum piping and is attributed to conductivity of and copper deposits in the cooling water.
Water chemistry and flow rate are important considerations for the APT design. The reduction or elimination of impurities in the cooling water aids in corrosion control of the aluminum piping and the inertia welded interface. Static or low flow rate of cooling water provides an avenue for oxide buildup on the aluminum portion of the inertia weld while a higher flow rate induces flaking of the aluminum oxide layer.
Welding of these inertia welded sections to the aluminum cooling water piping caused recrystallization at the aluminum HAZ and grain growth in the parent material. This recrystallization and grain growth in the Al material resulted in a reduction in hardness of the aluminum material. Quality control of the welding procedures for the design and construction of the APT facility will have to be controlled via procedures that outline appropriate cooling mechanisms for the inertia welds.
